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ADHESION OF ICE IS ITS RELATION TO THE DE-ICING OF AIRPLANES 

By A. M. Rothrock and R. E. Selden 

SUMMARY 

The various possible means of preventing ice adhesion 
on airplane surfaces are critically reviewed. Results are 
presented of tests of the adhesive forces between ice and . 
various solid and liquid surfaces. 

It is concluded that the de-icing of airplane wings 
by heat from the engine exhaust shows sufficient promise 
to warrant full-scale tests. Eor propellers, at least, and 
possibly for certain small areas such as windshiolds, radio 
masts, etc., the use of de-icing or adhesion-preventing 
liquids will provide tho bost means of protection. 

INTRODUCTION 

The de-icing of airplanes in flight presents a serious 
problem to the air-line operator. Although various means 
of de-icing airplane surfaces have been suggested and tried, 
no entirely satisfactory method has been perfected. The 
accretion of ice on the aircraft surfaces may bo prevented 
by: 

1. Removing the ice mechanically; 

2. Preventing freezing of the water on the surfaces by 
maintaining the surfaces at a temperature above i 
the freezing temperature of water. 

3. Providing a surface on the wing to which ice will 
not adhero. 

The first mothod is now employed in service by the use 
of the Goodrich de-icer on the leading edge of the wing. 
(See references 1 and 2.) The second method has been sug- 
tested (referonccs 3 and 4) but thus far no full-scale ex- 
periments on its use have been reported. The third method 



2 N.A.C.A. Technical ITote No. 723 l . 

l 

has been successfully used on airplane propellers and has 
been tried on other surfaces. 

In the development of -both the first and the third 
methods, ths adhesion of ice to'various surfaces becomes 
of interest. It is the purpose of this paper to prosont 
data relative to tho adhesion of ice to various solid and 
liquid surfaces. Although the data do not load to any suc- 
cessful solution of the da-icing problem, thoy are proaont- 
od with.tho idea that a bettor understanding of tho prob- 
lcm will result. The tosts were conducted at the Commit- 
tee's laboratories at Langley Piold. 

. METHODS AND APPARATUS 

Tests wore conducted to mcesuro quantitatively or 
qualitatively the force rcquirod to remove ice from vari- 
ous sufracos. Tho surfaces were maintainod at temperatures 
below 32O P. by placing them in a box containing sufficient 
solid carbon dioxido ("dry icoll) to hold tho inside of the 
box at the desired temperature. A window was provided in 
the side of the box for visual observation. All tempera- 
tures were measured oither with a mercury thermometer or 
with a thormocouplo and a potentiomotor. The box was suf- 
ficiently insulated so that there was no difficulty in 
maintaining a constant test temperature. 

Tho ndhosion of ice.to solid surfaces was measurod 
both quantitatively and qualitatively. In the quantitative 
moasuroments, blocks 1 inch square were made of the materi- 
al to which the adhosion of the ice was to bo moasurod. 
Those blocks were held together by an adhesive tape in.such 
a manner that the blocks were separated by about one-eighth 
inch. This spnco was filled with water and tho blocks 
wore placed in a second cold box until the water wae frozen. 
Tho spccimons wore thon road for testing. (See fig. 1.) 
Aftor the water was frozen, the hook on one block was fas- 
tened to the.bottom of the first cold box. A beam balance 
was mounted on the top of the box and a rod extendod from 
it through a hole in the top of the box to the hook on the 
other block. The beam was then loadod until tho blocks 
were pulled apart. 

, The shonr force required to soparato the blocks was 
measured by means of a hydraulic ram. This ram consisted 
of a lapped plunger af known cross-sectional area actuated 
by a known hydraulic pressure, 
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Care had to be exercised to obtain reproducible re- 
sults. The greatest variation occurred when the blocks 
with the ice between them were cooled to too low a temper- 
ature during the freezing process. If the temperature of 
the ice was brought to too low a value (considerably below 
o" P.), the ice tended to crumble. The blocks wore always 
left in the test box until a thermocouple indicated that 
they wore at the dosircd temperature. In several cases, 
the blocks were coated with other than metallic materials. 

Kost of the de-icing or adhosion-preventing liquids 
were tested qualitativolg because of the difficulty of de- 
vising a satisfactory proccduro for measuring adhesion 
either in tension or in shear with a liquid surface. In 
thesa tests, a motnl block in the cold box was coated with 
a thin layer of the-liquid. One to four drops of water 
from an ice bath were dropped on the liquid surface. Affor 
the water had frozan, it was pushed off the block by hand 
and the rolativo force was estimated. 

4 

RESULTS 

In table I are tabulated tho results obtained in the 
determination of the tensile force required to remove the 
ice from different materials. These results can be divided 
into three classifications: (1) With fee adhering to a 

- solid surface, the f;:ilure occurrod in the ice (fig. 2) at 
a loading of about 140 pounds per square inch; (2) with ice 
adhering to a greasy surface, the failuro occurrod botween 
the ice and the grease at a loading equal to or a little 
groator than atmospheric prossu-re; and (3) with the fco ad- 
horing to A wot surface, the failure occurrod bctwcon the 
ice and the wet surface and the tansilc force required to 
cause the separation was too low to permit the blocks to 
ba installed on tho balance. 

Other tests mado with these. same blocks at a lntor 
date gave forces.that map have varied from the procoding 
values for the solid surfaces by as much as 100 percent. 
In every case, however, the failure was in the ice itself, 

*which did not break looso from tho solid surface. It seems 
that, unless the experimental technique fs very closely 
reproduced, results from day to day may vary; but, in ovary 
case, the force roquircd to break the ice was exceedingly 
high and, in every chse, the ice adhcrod to the specimens 
after failure. These forces as measured are much too high 
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to pormit mechanical romoval directly from the motal aur- 
face to be considcrcd as a moans of de-icing aircraft sur- 
facts. 

T 

Tests wore nado in which a piece of airplane fabric 
covered with aluminum dope was placed in the ice midway 
between the two blocks. The same procedure was folloved 
with a 0,005-inch piece of polished duralumin sheet. The 

-tensile force required to break the blocks apart was ap- 
proximately 30 pounds per. square i.rich. In these cases, 
the ice broke cleanly from the doped fabric and from the 
duralumin sheet. In order to determine whether the pol- 
ished surfacoof the duralumin sheot caused tho ice tr- 
break from the sheet, a block of duralumin was givon a 
mirror finish. The ice adhered to this block as it did 
to the othor duralumin blocks.. (Seo table I.) It is bo- 
lieved that tho failuro of tho ice to adhere to the shoot 
or to the fabric was caused by the fact-that the thin 
sheets mounted in the center oflthe -ice between the two 
metal blocks resulted in nonuniform loading. 

As a further test of the effect of surface smooth- 
ness, water from an ice bath was dropped on glass surfaces 
that had been ground and polished for use in photographic 
work0 Thcsc surfaces aro probably the smoothest available 
at this laboratory. The- small drops of ice (about one- 
fourth inch in diameter; adhored to the glass. surface with 
sufficient force so that they could not be pushed off the 
glass without first causing failuro of the ice. 

The fact that the ice was romovcd from tho thin shoet 
of metal or the fabric with a comparatively low fcrco prob- 
ably accounts for the successful operation of the Goodrich 
do-icor, the ice breaking loose from the rubbor boot dur- 
ing its inflation and deflation. Qualitativo tosts with 
rubber did not indicate that the ice was removed from a 
rubbor surface with any greater oaso than from a hard sur- 
face. With the boot, however, the load can be conccntrat- 
od in a small nron so that it is possible to cause the 
rubber to broak locso from tho ice. Although the boot 
causes the ice cap to break from the boot, flight tests 

.hav~ shown that piccos of ice adhorc to the boot during 
successive inflations and deflations and that, although 
thoy present a comparatively largo aroa to tho air stroam, 
they'aro not blown loose from the rubber. 

In tho shcor tests, three classifications wore found; 
(1) With the ice adhering to.a solid surface, the shear 
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force required to remove the ice was 65 to 85 pounds per 
square inch; (2)with the ice adhering to a greasy surface 
(such as compound A in table II or Vaseline),. the shear 
force was 2 to 9 pounds per square inch and had to be con- 
tinuously applied to remove the ice completely; and (3) 
with the ICC adhering to a wet surface (mercury amalgam), 
the shear force was 3 to 12 pounds por.squarc inch. fn 
cases (1) and (3), once the plunger causing the ice to 
shear had started to move, the ice was pushed completely 
from the specimen by the expansion of the oil in the hy- 
draulically operated plunger. The low values of shoar 
force for casts (2) and (3) are not any too accurate. 
They are probably on the high side. Tests made with solu- 
tions placed on the motal block; such as calcium chloride 
in alcohol, also showed a smalleshear force. 

These results have not shown any indication that a 
solid surface can be obtained to which ice will not ad- 
here. The results indicate that ice will not adhere to a 
liquid surface and it seems to be immaterial of what sub- 
stance the liquid surface is formed. Additional tests 
have been made with the metal blocks covered with liquid 
surfaces. A pour-point depressor or lubricating oils and 
other water-insoluble liquids have bson tried. In these 
tests, water from an ice bath was dropped on the liquid 
surface covering the block, which was maintained at a tem- 
perature between 320 FF. and Co 2. In each case, the ice 
formed by the froazing water was easily removed. When the 
water was dropped directly on the solid surface, the ice 
adhcred.strongly to the surface and the dcgroo of adher- 
ence incroassd through the first soveral minutes that the 
ice was allowed to remain. 

The use of a water-soluble fluid to lower the frcca- 
ing point has resulted in a satisfactory solution to the 
propeller-de-icing problem, at least for the present. 
Some imprcvoncnts nay be nocossary with tho larger propcl- 
lcrs now in prcspect'because of the increased difficulty 
of distributing the liquid over the propeller surface and 
tho lower centrifugal force available for removing ice. 

Tho solution now boing used on propellers consists of 
about 15 percent glycerin in ethyl.alcohcl (probably about 
190 proof). The substitution of methyl alcohol for the 
ethyl alcohol should result in a 25-percent saving in 
weight of solution if the question is one of lowering the 
freezing point of water to a certain degree. This lesser 
weight results from the fact that, for ideal solutions, 
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the addition of a -gram molecule of any nonionizable mate- 
rial to a given amount of a particular solvent lowers the 
freezing point a definite amount. For substances that da 
not give ideal. solutions, the lowering is not SC great. 
It SC happens that alcohol-water solutions are.reascnably 
ideal and, consequently, there is nc point in considering 
any compound having a molecular weight in excess of that 
of ethyl alcohol. Comparatively few organic compounds in 
this range arc suitable because they must be quite soluble 
in water at low temperatures, they must not bc too vola- 
ti1c, and they must be noncorrosive. 

If the alcohol could be fortified with some substance 
capable of ionizing in water solution, there is some pos- 
sibility of considerably improving the ability of alcohol 
to lower the freezing point of water. The molecular 
weight of the salt must again be as small as possible. 
Most salts do not have sufficient low-temperature solu- 
bility in both alcohol and water. Furthermore, most salts 
are corrosive. Thers renains, however, the possibility 
of imprcving, on a weight basis, the ability of pure ethyl 
or methyl alcohol to lower the freezing point by a factor 
of porhaps two or three by the addition of alcohol-soluble 
and water-soluble salts of low molecular weight. \- 

I 

Whether it is necessary to lower the freezing point 
of all the water striking the airfoil to the temperature 
of the ambient air is notknown. Although lowering the 
freezing tomycrature of only part of this water will prob- 
ably prevent ice adherence by causing a liquid film to be 
maintained on the metal surface, ice can build up on this 
film and necessitate removal by mechanical means. To lower 
the frcozing point of all the impinging water to 0' F. 
would require a wcigkt of solution of at l.east 20 ser.ccnt 
of the weight of water striking tho-surface. In tho case 
of the ethyl alcohol-glycerin solution, a ccnsidorably 
greater mount would bc.neccssary. 

Everything considered, the use of a freezing-point 
depressor'f,or airplane wings does not look encouraging 
unless adequata mechaoicai means oan be supplied to remove 
the ice from the liquid interface separating the ice from 
the 'wing. The possl%Llkty OP finding a substance better 
than methyl alcohol is nof vary grsat and its use over ox- 
tensivc surfaces for preventing ice adhesion on airplane 
wings would involve a prohibitive w.eight' of de-$cing solu- 
tion if much wator has to be trcatod. Such a solution, 
however, is of considerable interest in preventing ice 

r 
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adhesion on small areas such as windshields, propellers, 
radio masts, and possibility control surfaces, where the 
amount of liquid used is not of primary importance. 

Any water-insoluble liquid that will adhere to the 
airplane surfaces will undoubtedly prevent ice adhesion 
except for the atmospheric pressure holding the ice to 
the liquid interface and the possibility that the water 
may penetrate the protective film and adhero to tho sur- 
face. A flight test was made with a section of an airplane 
wing covered with copper which, in turn, was coated with 
an amalgam of mercury. A water spray was directed against 
the loading edge of this section of the wing while the 
airplane was flying in air below the froozing temporaturo. 
Under these conditions ice formed on tho mercury-cover& 
surface. At the ond of the flight all the mercury had 
becn washed or flown from the leading edge. Visual obser- 
vation during an icing test in flight has shown that ice 
formed on tho lower surface of the wing does not fmmedi- 
ately drop off when the wing surface is raised above the 
freezing point. Instead, the ice moved slowly toward the 
rear of tho wing adhering to the liquid interface formed 
by the moltirg ice. Consequently, it is concluded that 
the use of a water-insoluble liquid for provonting adhe- 
sion can be used only in conjunction with some mechanical 
force for removing the ice. This same conclusion applies 
to the water-soluble liquid except in those cases where 
the amount of liquid supplied is sufficient to lower the 
freezing point of all the water striking the surface. The 
use of an insoluble liquid to prevent ice adhesion should 
require a smaller amount of.the liquid than the use of a 
soluble liquid, provided that the surfaces are at all 
times covered with the liquid. 

A method of applying these liquids, which has not 
been discussed, consists of having tho liquid mixed with 
a greasy or gelatinous binder. Compound A, which is ap- 
parently used to a certain extent in &gland, and compound 
B are made in this manner. The paste or thermally softened 
material is spread over the airplane surface and acts as a 
binder for water-soluble materials. The use of these prep- 
arations is based on the idea that the water-soluble con- 
stituents will maintain a liquid interface between the ice 
formed.and the airplane surface. Although such materials 
will prevent the ice from adhering directly to the airplane 
surface, it does not seem reasonable to believe that such 
compounds will, of themselves, prevent the ice‘from rb- 
maining on the surface because of the atmospheric pressure, 
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which must be overcome before the ice will bo dislodged. 

A prcpnration sonowhat similar'to compound B that 
might havo cvon better possibilities is a mixture of gela- 
tin and some water-soluble material. Such a substance 
similar both in appearance and action to compound B was 
made by mixing ethylene-glycol and gelatin. This mixture, 
when melted at a temperature of about 160° F. and painted 
onto the metal surface hardened to a rubbery consistency. 
This characteristic, common to both this mixture and com- 
pound B, may be important in that it tends to prevent 
water drops which impinge on the coating from penetrating 
through the coating and adhering to the metal surface. A 
metal surface coated r:rith this mixture was placed in the 
cold box, which was maintained at a temperature of 12' P. 
Water from an fco bath was dropped on the surface. The 
drop froze but not so quickly as a drop placed directly on 
tho metal. A liquid film was maintained between the ice 
and tha mixture of ethylene-glycol and gelatin. The ice 
could be moved around freely on the surface but, when the 
ice was moved slightly; the surface-tension forces tended 
to bring the ice back to its original position. This ac- 
tion occurred at temperatures down to 00 3. If the ice 
was allowed to remain for some time (say 15 minutes), it 
melted. 

Both compound A and compound B have been tested in 
flight; Zoe forming on the surface covered with either of 
the preparations adhered to the surface. In the flight 
tests, no mechanical means was available to measure the 
force required to remove the ice but, from the laboratory 
tests, it seems safe to assume that the force would not 
have been greater than tho air forces tending to hold the 
ice to the surface. 

CONCLUSIONS 

The most important conclusions drawn from the prcsont 
tests arc possibly not now, but they seem to be qufte def- 
inite. 

1. Ice will adhere to any solid surface tried thus 
far with a force greater than the ,cohesive forces wlthfn 
the ice. 

2. Ice will not adhere to a surface provided that 
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there is a liquid interface between the ice and the sur- 
face. If such a liquid intorfnco is formed, the force 
required to remove tho ice will be little more than the 
aerodynamic or ner.ostatic forces tonding to hold the ice 
to the surface. . 

3. The outlook for preventing ice formation on the 
surfaces of an airplane wing by means of some liquid sur.- 
face is not encouraging. The amount of liquid required 
will probably be large and some mechanical force is neccs- 
sary to overcone the air forces in order to remove the 
ice. The use of such liqufds for wfndshield de-icing or 
forsmall surfzcos may bc successful. 

4. For propellers, where a centrifugal force is al- 
ways available, the use of liquids for do-icing will prob- - 
ably continue to be the most efficient method. 

5. Although yind-tunnel' tests have iadicated that 
heating the wings of an airplane as a meazs of preventing 
ice formation is feasible, no full-scale tests have been 
nsdo to doternine the practicability of the method. It 
is believed that such tests should be coaducted as soon 
as possible. 

Langley Memorial Aeronautical Laboratory, 
PJational Advisory Committee for Aeronautics, 

Langley Field, Bz., July 7, 1939. 
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Material 

Brass 

Copper 

Duralumin 

Stainless steel 

Kicarta 

* 
i' 

/ i 

Pour-point de- 
pressor (vis- 
cous liquid) 

Compound A 

Vaseline 

Mercury amalgam Failed while 
on brass (sur- being placed 
face wet) on balance 

Mercury amalgam 
on brass (sur- 
face wiped ' 
off) 7 - 13 3 

TABLE I 

Tensile Strength Data 

rensile Strength 
(lb./sq. in.) 

130 

152 

132 

13% 

53 

15 

12 

33 
15 

0 

Type Of Femperature 
failure (OF.) 

1 

1 

11 

21 

23 

25 

21 

18 

21 

18 

25 
25 
14 

7 

T- 

-i 

'IC8 broke on plan8 normal to tensile force midway between 
faces of specimen. 

21ce broke irrogularly but remained adhering to specimen 
surface. 

31cc did not braak; failure between ice and surface of 
specimen. 
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TABLE II 

Con-position of Conccrcicrl De-icing Pastes 

Conpound A: 

Lubricating grease 
Tni:ernl oil typo) 

Sodiun chloride 

Anhydrous doxtrose 

Water 

Conpound B: 

Glue 

Glycerin 

Water 

12 

Pcrcest 

20 

25 

45 

10 

12 

25 

63 
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Fi&lnYl l.- Yetal blockr held together by ice 
for tensile-rtrength tests. 

Ffglre 2.0 hilure of rpecimen in teneion. 
Failure occurred in ice and not 
at ice-metal interface. 


